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A omprehensive study of impurity-indued magnetism in nonmagnetially (Mg
2+
) and mag-
netially (Co
2+
) doped PbNi2V2O8 ompounds is given, using both marosopi d suseptibility
and loal-probe eletron spin resonane (ESR) tehniques. Magneti oupling between impurity-
liberated spins is estimated from a linewidth of low-temperature ESR signal in Mg-doped samples.
In addition, in the ase of magneti obalt dopants the impurity-host magneti exhange is evaluated
from the Co-indued ontribution to the linewidth in the paramagneti phase. The experimentally
observed severe broadening of the ESR lines in the magnetially doped ompounds with respet to
nonmagneti doping is attributed to a rapid spin-lattie relaxation of the Co
2+
ions, whih results
in a bottlenek-type of temperature dependene of the indued linewidth. The exhange parameters
obtained from the ESR analysis oer a satisfatory explanation of the observed low-temperature
magnetization in doped samples.
PACS numbers: 75.50.Mm, 75.30.Hx, 76.30.F
I. INTRODUCTION
Haldane integer-spin hains with antiferromagneti
oupling have been extensively studied experimentally
as well as theoretially in the last two deades. This is
due to their fasinating property onjetured by Haldane
[1℄. Namely, in ontrast to half-integer-spin hains, in
integer-spin hains a quantum disordered singlet ground
state with orrelations deaying exponentially is sepa-
rated from the lowest exited state (spin gap). Suh
harater of the Haldane hains with only the nearest-
neighbor (nn) isotropi antiferromagneti exhange ou-
pling was satisfatory aounted for by the valene-bond-
solid model [2℄, whih introdued valene bonds emerging
and terminating at neighboring sites. The validity of this
model was experimentally onrmed for the rst time in
the spin S = 1 ompound NENP by observing S = 1/2
liberated end-hain spins when a portion of the valene
bonds was intentionally broken by introduing impurities
to partially replae the S = 1 spins [3℄.
In general, impurities have been in the past often delib-
erately introdued to host materials and thus employed
to reveal the magneti harater of the host. The instru-
tive examples over a variety of dierent low-dimensional
quantum spin systems inluding high-Tc superondu-
tors [4℄. Moreover, the impurities an dramatially aet
the ground state of the host material leading to unex-
∗
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peted magneti phenomena. One of their most aston-
ishing onsequenes is the indution of long-range mag-
neti ordering upon doping, an eet known as order-
by-disorder eet [5℄, where disorder in a form of ran-
dom doping auses magneti ordering in the host ma-
terial. This mehanism is known to set-in in dierent
spin-gap systems inluding the spin-Peierls ompound
CuGeO3 substitutionally doped with dierent nonmag-
neti [6, 7, 8℄ or magneti ions [7, 9℄, the vaany doped
two-leg spin-ladder ompound SrCuO3 [10℄ and the three-
dimensional oupled-spin-dimer system TlCuCl3 doped
with nonmagneti impurities [11℄. Reently, also the
rst Haldane-hain ompound PbNi2V2O8 that under-
goes a transition to a magnetially ordered ground state
at low temperatures when doped with either nonmag-
neti [12℄ Mg
2+
or magneti [13, 14℄ Co
2+
, Cu
2+
and
Mn
2+
ions on Ni
2+
(S = 1) sites, was reported. There
are several ommon features of the phase transitions in
the above-mentioned systems, the rst one being that
already a very small amount of impurities indues long-
range ordering. Seond, it appears universal that the
phase-transition temperature inreases as a funtion of
the doping level at low onentrations and dereases at
higher onentrations [8, 10, 11, 14, 15℄. Therefore, a
quest to nd a unied pitures, whih would satisfa-
tory explain the impurity-indued long-range ordering in
spin-gap systems, is urrently underway.
The way to magneti ordering in the spin-gap systems
is paved by lusters of exponentially deaying staggered
moments indued next to the impurity sites [16℄, whih
are magnetially oupled through the gaped medium.
2Weak oupling results in in-gap energy states, whih
dominate the low-temperature magneti harater of the
doped systems. However, the piture of the impurity-
indued magneti ordering in spin-gap systems still re-
mains rather unlear. In partiular, the mehanisms
leading to the development of three-dimensional inter-
luster spin orrelations are partiularly elusive. In or-
der to eluidate this intriguing phenomenon it is ruial
to develop a deeper understanding of the magneti inter-
ations within the pokets of the impurity-indued stag-
gered moments as well as between them.
Therefore, we deided to at upon a omprehensive
magneti investigation of the Haldane hain ompound
PbNi2V2O8 doped with nonmagneti Mg
2+
and mag-
neti Co
2+
impurities. The study inorporates maro-
sopi d suseptibility measurements and loal-sale
magneti resonane tehniques, whih already proved
to yield invaluable information on the impurity-indued
magnetism in Mg-doped ompounds [17, 18℄. The re-
sults of the eletron spin resonane (ESR) are displayed
in the present paper while the ndings of the omplemen-
tary nulear magneti resonane (NMR) measurements
on
51
V nulei weakly oupled to eletroni moments, are
presented elsewhere [19℄. Combining the results of the
d suseptibility measurements and the ESR tehnique,
we are able to evaluate the magneti oupling within the
impurity-indued pokets of staggered moments as well
as to highlight the role of the interluster oupling on the
long-range magneti ordering.
II. EXPERIMENTAL DETAILS
Polyrystalline samples were prepared by a solid-state
reation with the details of the proedure already been
published [20℄. The eieny of the Mg
2+
and Co
2+
ations replaements for Ni
2+
ions was experimentally
veried by powder x-ray and neutron diration [21, 22℄.
The presene of any impurity phases was limited be-
low the sensitivity level of the x-ray diratometer. d
magnetization measurements were performed on a Quan-
tum Design SQUID magnetometer in a magneti eld of
100 mT down to 2 K. For ESR measurement a Bruker
E580 FT/CW spetrometer was used. These measure-
ments were onduted between room temperature and
5 K at a Larmor frequeny of νL ≈ 9.4 GHz (X-band).
III. EXPERIMENTAL RESULTS
A. d suseptibility
As previously reported, doping the PbNi2V2O8 om-
pound with either nonmagneti Mg
2+
or magneti Co
2+
impurities results in the long-range magneti ordering
at low temperatures [12, 15℄. Evidene to the nature
of the ground state arise from the presene of sharp
magneti Bragg peaks in the neutron powder patterns
0 10 20 30 40 50
0.00
0.01
0.02
0 10 20 30 40 50
0
1x10-3
2x10-3
 
 
 (e
m
u/
m
ol
)
T (K)
 
 
x/
2⋅
〈S z
〉
T (K)
FIG. 1: (Color online) d magneti suseptibility of the
PbNi1.88Mg0.12V2O8 (irles) and PbNi1.92Co0.08V2O8 (dia-
monds) ompounds in the eld ooling (solid symbols) and
zero-eld ooling (open symbols) regime in the magneti eld
of 100 mT. The solid line is displaying the spin-gap behavior of
the pristine PbNi2V2O8 material. Inset shows a temperature
evolution of the average impurity-indued spin size for S = 0
(irles) and S = 3/2 (diamonds) impurities in a simplied
model desribed in subsetion IVC.
[20, 22℄. The onset of the magneti ordering is learly
expressed in the harateristi peaks of the magneti sus-
eptibility urves at low temperatures as shown in Fig.
1. The transition temperatures in the external magneti
eld of 100 mT are around 3.4 K and 7.1 K in the ase
of PbNi1.88Mg0.12V2O8 and PbNi1.92Co0.08V2O8, respe-
tively.
The rst rather unusual feature of the observed phase
transition is the signiantly dierent value of the phase-
transition temperature in both materials, although the
stoihiometri amounts of impurities are similar. Suh
an inrease of the transition temperature in the ase of
obalt doping ompared to nonmagneti doping was not
observed in the immensely studied CuGeO3 ompound,
whih is a prototypial system for impurity-indued mag-
neti ordering [6, 7, 8, 9℄. However, it is in line with the
observation that the magnetially ordered state is muh
more stable against the external magneti eld in Co-
doped PbNi2V2O8 than in Mg-doped samples, as exper-
imentally veried by d magnetization and NMR mea-
surement in magneti elds of several Tesla [19℄
Apart from the signiant inrease of the transition
temperature in the Co-doped ompound, another feature
is notieable in Fig. 1. Namely, while the Mg-doped sam-
ple exhibits no hysteresis between the zero-eld ooling
(ZFC) and eld ooling (FC) regimes in the magnetially
ordered state, suh behavior is observed in the ase of the
Co-doped sample. This experimental nding seems un-
usual in the light of the neutron diration performed on
both ompounds in the magnetially ordered state, sug-
gesting a magneti ordering of similar harater. More
speially, purely magneti neutron diration patterns
indiate that the average magneti moment per Ni site
pointing along the diretion of the Ni hains ( axis) is in
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FIG. 2: (Color online) The evolution of the room-temperature
X-band ESR spetra of PbNi2−xAxV2O8 with inreased level
of doping in the ase of (a) nonmagneti A = Mg2+ and (b)
magneti A = Co2+ dopants. The solid lines represent ts to
broad Lorentzian distribution as explained in the text.
both ompounds lose to 1µB [21, 22℄. These measure-
ments, however, an not yield information on the om-
ponents of the magneti moments perpendiular to the
hains due to the uniaxial symmetry of the lattie and
the powder nature of the samples. It has been reently
argued by Imai et al. [14℄ that the observed irreversibility
between the ZFC and FC measurements is not a signa-
ture of a spin-glass behavior but should rather be due
to the ourrene of weak ferromagnetism in Co-doped
samples, attributed to the presene of the Dzyaloshinsky-
Moriya (DM) interation [23, 24℄. Suh antisymmet-
ri anisotropi interation is indeed present between Ni
spins [25℄, however, the general anisotropi exhange be-
tween impurity and host spins should be involved in the
ZFC/FC irreversibility.
Although the nominal onentrations of impurities in
both samples are similar, the low-temperature peak in
the magneti suseptibility is muh more pronouned in
the Mg-doped sample despite the fat that Mg dopants
are nonmagneti. The uniform stati spin suseptibil-
ity an be obtained from the dynamial spin struture
fator Szz(q, ω) = Re
∫
∞
0
eiωt〈Sz
q
(t)Sz
−q
(0)〉dt, reeting
the distribution of the spetral weight of spin exitations
(the brakets 〈...〉 denote statistial averaging). Kramers-
Kronig relations give the following expression
χ0 ∝ 1
pi
lim
q→ 0
P
∞∫
−∞
(
1− e−~ω/kBT
) Szz(q, ω)
ω
dω, (1)
where P stands for the Cauhy priniple value. Bering
in mind that the stati suseptibility is dominated by
low-energy spin exitations, the intensities of the low-
temperature magneti suseptibility give a lear signal
that the in-gap impurity-indued density of states is
peaked at muh lower frequenies when magnesium im-
purities are present. This is not surprising, as stronger
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FIG. 3: (Color online) The temperature dependene of the
X-band ESR linewidth in PbNi2−xMgxV2O8 ompounds. In-
set shown a linear dependene of the impurity-indued line
broadening at 5 K and 10 K.
magneti oupling is expeted in the ase of obalt im-
purities, whih shifts the in-gap states to higher ener-
gies. Moreover, our analysis based on the parameters
obtained from the ESR results, gives also a quantitative
agreement, as demonstrated in the subsetion IVC.
B. Eletron spin resonane
As previously reported, X-band ESR absorption spe-
tra of the PbNi2V2O8 are fairly broad at room tempera-
ture and further broaden with lowering the temperature
[17℄. Partial substitution of the magneti Ni
2+
ions with
nonmagneti Mg
2+
ions results in additional broadening
of the resonane lines, whih moderately inreases with
the level of doping as learly observed in Fig. 2a. On
the other hand, the ase of Co-doping results in extreme
broadening of the ESR spetra (Fig. 2b), reeting the
magneti nature of the dopants.
All the spetra an be satisfatory tted with a broad
Lorentzian funtion taking into aount the resonant ab-
sorption at positive as well as negative resonant eld.
In addition, some samples require an extra narrow om-
ponent, whose intensity proves to be sample dependent
even within the same nominal stoihiometry. This fat
allows us to attribute this additional signal to impurity
phases present in the sample. However, judged from very
small relative intensities of the spurious signals (i.e., be-
low 1%) suh impurities would be unobservable in x-ray
diration patterns.
With lowering temperature a diverse nature of the ESR
spetra in Mg-doped samples beomes evident (see Fig.
3). Based on the saling of the low-temperature ESR in-
tensities with the doping level and the temperature evo-
lution of the observed g-fator shifts [17℄, we were previ-
ously able to attribute the additional low-temperature
signal in vaany-doped samples to impurity-liberated
end-hain degrees of freedom, whih are deloalized on
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FIG. 4: The temperature dependene of the ESR linewidth in
PbNi1.98Co0.02V2O8 (irles) ompared to PbNi2V2O8 (dia-
monds).
the sale of the orrelation length ξ [26℄. It was further
argued that these end-hain spins at both sides of a par-
tiular impurity were ferromagnetially oupled through
interhain exhange providing a mehanism for three-
dimensional magneti ordering. Suh ferromagneti ou-
pling was indeed later experimentally onrmed by spe-
i heat measurements reported by Masuda et al. [27℄.
The exat origin of the rather broad low-temperature
ESR signals still, however, remains to be revealed. The
ESR linewidth reets the strength of the magneti ou-
pling between liberated spins, whih makes its analysis
invaluable for the understanding of the impurity-indued
magnetism.
In Co-doped samples we were able to follow the tem-
perature evolution of the spetra below room tempera-
ture only in the ase of the sample with the lowest doping
level, i.e., in PbNi1.98Co0.02V2O8. The ESR linewidth of
this ompound is ompared to the linewidth of the pris-
tine ompound in Fig. 4. It exhibits a rather dierent
behavior from the ase of the Mg-doped materials as the
linewidths of the two samples are learly onverging to-
wards the same values when dereasing the temperature.
To explain the extreme broadening of the ESR spetra
due to Co
2+
ions and a bottlenek-type of the impurity-
indued ontribution to the ESR linewidth, the spin na-
ture of the dopants is suessfully inorporated into the
analysis in the next setion.
IV. ANALYSIS AND DISCUSSION
A. ESR measurements in the paramagneti phase
To rationalize the observed broadening of the ESR
spetra at room temperature due to doping (Fig. 2), we
presume that the impurities do not have any notieable
eet on the rystal struture of the materials [21, 22℄.
Sine the dominant spin anisotropy ontributions in the
investigated materials are of single-ion anisotropy type
[28℄ and DM type [25℄, it an be assumed that they do
not hange appreiably at Ni sites when dopants are in-
trodued. Therefore, the impurities have to inuene
the time-evolution of spin orrelation funtions enter-
ing the expression of the ESR linewidth. The peak-to-
peak linewidth of the Lorentzian line in the exhange-
narrowing limit is given by [29℄
∆Bpp =
C
gµB
(
M2
3
M4
)1/2
. (2)
Here C denotes a onstant of the order of unity and g the
g-fator, while the seond and the forth moment of the
absorption lines are given as
M2 =
〈[H′,M+] [M−,H′]〉
〈M+M−〉 , (3)
M4 =
〈[H−HZ , [H′,M+]] [H−HZ , [H′,M−]]〉
〈M+M−〉 . (4)
The Hamiltonian H = H0 +H′ of the system is onven-
tionally divided into two parts. The main part H0 =
HZ +He ontains only the Zeeman Hamiltonian HZ and
the exhange Hamiltonian He of the host. The per-
turbative part H′ inludes all the anisotropy ontribu-
tions of the host as well as the impurity Hamiltonian
Hi = HiZ + Hi−he + HLS [30℄, where HiZ denotes the
Zeeman Hamiltonian of the impurity system, Hi−hex the
impurity-host exhange oupling and HLS the impurity
spin-orbit oupling, all these terms being nonzero in the
ase of doping with magneti dopants.
1. Mg-doping
In fat, the spin orrelations an be signiantly af-
feted by impurities [31℄ in low-dimensional systems,
where the exhange pathways are severely limited and
the diusional deay of spin orrelations at longer times
beomes important [32℄. The rate of spin diusion aross
the impurity site depends on the size of the impurity
spin and the impurity-host exhange oupling [33℄. Non-
magneti impurities at as reeting agents, disabling the
spin polarization to diuse away and thus eetively di-
minishing the exhange-narrowing mehanism. A signi-
ant impurity-indued broadening of the ESR absorption
lines is thus expeted [32℄. However, the observed broad-
ening, presented in Fig. 5a, is not that prominent. This
experimental nding an be explained by the relatively
large interhain exhange oupling J1 in the ase of the
PbNi2V2O8 ompound, |zJ1/J | ≈0.03, where J = 95 K
(in units of kB) represents the dominant nn intrahain
exhange [28℄. Hene the spin system behaves as three-
dimensional on the X-band ESR time-sale sine the out-
of-hain diusion rate, given by J1/~, is larger than the
ESR frequeny. The inhibited diusion along the hains
thus only partially inuenes the deay of spin orrela-
tions, whih is also in line with the Lorentzian lineshape
of the reorded ESR spetra [32℄.
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FIG. 5: Linewidth of the X-band ESR spetra reorded
at room temperature in (a) Mg-doped and (b) Co-doped
PbNi2V2O8.
2. Co-doping
Signiantly more pronouned is the broadening of the
ESR spetra in the ase of doping the parent PbNi2V2O8
ompound with magneti Co
+2
ions (see Fig. 5). We at-
tribute the observed ESR signals solely to magneti mo-
ments of the host (Ni
2+
) spin system. Below-presented
analysis shows that Co
2+
magneti moments are strongly
aeted by the spin-lattie relaxation at the room tem-
perature, whih severely broadens the ESR spetra.
When the Co
2+
ion (3d
7
onguration) is plaed into a
rystal eld, whih arises from otahedrally oordinated
O
2−
ions, the ground orbital state is a triplet. Taking
into aount the spin S = 3/2 of the high-spin obalt
results in a twelve-fold degenerated ground state. The
spin-orbit oupling and a distortion away from the u-
bi symmetry, as is the ase in PbNi2V2O8 [22℄, splits
the energy levels, however, there remains a signiant
amount of orbital moment in the ground state [34℄. The
spin dynamis of Co
2+
ions are strongly aeted by lat-
tie vibrations through the spin-orbit oupling. Extreme
broadening of ESR lines due to a presene of small on-
entrations of Co
2+
ions was reported in the past in sev-
eral systems [30, 35, 36℄. As Co
2+
is a strongly relaxing
ion, the broadening an be attributed to an interplay
between impurity-host ross relaxation and spin-lattie
relaxation of the impurity. The eet of the impurities
is determined by the relative rate of the magneti energy
ow from the host to the impurity system with respet
to the rate of the energy ow between the impurities and
the underlying lattie. The expeted ESR linewidth an
then be expressed by the equation [35℄
∆Bpp = ∆B0 +
η
1 + η
∆Bi, (5)
where ∆B0 represents the linewidth of the pristine om-
pound, ∆Bi the impurity-indued ontribution to the
linewidth and η = ωsl/ω
i−h
e the ratio between the rate
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FIG. 6: The bottlenek behavior of the impurity-indued
linewidth in PbNi1.98Co0.02V2O8. The urves represent the
temperature dependene predited by the model Eqs. (5)-(7)
with the Debye temperature values θD = 300 K (dashed line),
θD = 500 K (solid line) and θD = 700 K (dotted line).
of the impurity spin-lattie relaxation and the impurity-
host ross relaxation determined by the impurity-host
exhange Ji−h. A bottlenek eet is expeted to be ob-
served sine at low temperatures the spin-lattie relax-
ation of the impurity spins is far below the impurity-host
ross relaxation.
As apparent from Fig. 6, the dierene be-
tween the linewidth of the pure PbNi2V2O8 and the
PbNi1.98Co0.02V2O8 ompounds indeed inreases with
temperature from 45 K, whih represents the lowest tem-
perature where the analysis is still reliable due to se-
vere broadening at lower temperatures (see Fig. 4).
The impurity-indued linewidth ontribution reahes a
broad maximum of approximately ∆Bmax
i
= 120 mT
around 150 K. The observed downturn at higher tem-
peratures will be disussed in the end of this subse-
tion. Suh dependene is in line with the spin-lattie
relaxation, whih inreases with temperature due to the
temperature-ativated phonon density. Spin-lattie re-
laxation of the impurities is expeted to be due to Raman
spin-phonon proesses and an be written as [37℄
ωsl =
1
T1
= a
(
T
θD
)7 θD/T∫
0
y6ey
(ey − 1)2
dy. (6)
In Eq. (6), parameter y is dened as y = ~ω/kBT , θD
represents the Debye temperature and a is a onstant
depending on the strength of the spin-phonon oupling.
The latter two onstants are not known in our ase,
however, the a onstant an be onveniently dismissed
from the expression for the expeted linewidth if we set
η(55 K) = 1 as the experimental impurity broadening
reahes half of its saturated value at 55 K. In this ase
the parameter η(T ) an be expressed as
η(T ) =
ωsl(T )
ωsl(55 K)
. (7)
6The t of the model desribed through Eqs. (5)-
(7) to the experimentally determined impurity-indued
linewidth of the ESR spetra is satisfatory for tempera-
tures below 200 K. The best agreement is reahed when
the Debye temperature is set to θ = 500 K (solid line in
Fig. 6). To see the eet of this parameter on the quality
of the t, theoretial urves with θ = 300 K (dashed line)
and θ = 700 K (dotted line) are also shown in Fig. 6,
whih allows us to determine the Debye temperature of
the PbNi2V2O8 ompound as θ = 500(50) K.
Furthermore, the saturated value of the impurity-
indued linewidth ontribution an be used for the esti-
mation of the impurity-host exhange interation. When
the isotropi exhange oupling is the leading impurity-
host interation the following equation an be derived in
the high-temperature limit [30℄
∆Bmaxi =
1√
3
32
gµB
J2i−hSi(Si + 1)
3~ωe
x
2
. (8)
Here Si denotes the size of the impurity spin, while
the exhange frequeny is dened as ~ωe =
√
M4/M2.
In the ase of the PbNi2V2O8 ompound the single-ion
anisotropy of the form D ·S2z was reported to be the lead-
ing anisotropy term, with D = −5.2 K determined from
inelasti neutron sattering experiments [28℄. The easy
axis was found to point along the rystal  axis (diretion
of spin hains). Using Eqs. (3) and (4) one an then de-
rive the following expressions for the exhange frequeny
ωe =
√
8J/~, whih predits the impurity-host exhange
of the size Ji−h = 14 K. The linear dependene of the in-
dued line broadening as predited by Eq. (8) is niely re-
vealed in Fig. 5b. The slope of this line (6.8 T) makes an
estimation of the impurity-host exhange Ji−h = 15 K,
whih is only slightly dierent from the above value. Al-
though the sign of Ji−h an not be determined from the
above-presented ESR analysis, the magneti suseptibil-
ity measurements speak in favour of antiferromagneti
oupling, as argued in subsetion IVC.
The redution of the Co-Ni exhange Ji−h with respet
to the Ni-Ni intrahain exhange oupling J is expeted.
Namely, it is well established that the strength of the
antiferromagneti superexhange dereases with the re-
dution of the number of eletrons in the 3d orbital. For
instane, the Néel temperature of the NiO oxide with
NaCl rystal struture redues from 525 K to 290 K in
CoO oxide [38℄. Another example are the K2AF4 om-
pounds (A is a transition metal ion), where the follow-
ing exhange parameters were obtained: JNi = 102 K,
JCo = 16.8 K, JFe = 15.7 K, JMn = 8.4 K [36℄.
At the end of this subsetion, a short explanation of the
downturn of the impurity-indued linewidth above 150 K
(see Fig. 6) is given. When the obalt spin-lattie relax-
ation surpassed the above evaluated exhange frequeny
of the pure system, the spin utuations at nikel sites
will beome strongly aeted by the spin-lattie relax-
ation due to the strong exhange oupling with obalt
ions [35℄. For ωsl ≫ ωe the spin-lattie relaxation rate
eetively substitutes the exhange frequeny in Eq. (8)
[39℄, whih results in a narrowing of the absorption lines
with raising temperature due to the inrease of the spin-
lattie relaxation rate. Suh narrowing was experimen-
tally observed in KMnF3 doped with Fe
2+
ions [40℄. If
we approximate the rate of the impurity-host ross re-
laxation as ωi−he ≈ Ji−h/~ and take into aount that
ωsl(55 K) = ω
i−h
e , the Eq. (6) will allow us to make
an estimation that ωsl > ωe for T > 100 K. This orre-
sponds fairly well with the temperature of 150 K where
∆Bi exhibits its maximum. The eet is, however, not
as drasti as one might naively expet, whih is due to
the rather low onentration of Co
2+
impurities.
B. ESR measurements within the Haldane-gap
regime
At temperatures below the average Haldane gap ∆ =
43 K of the PbNi2V2O8 system [28℄, in the Mg-doped
ompounds the tendeny of line broadening with low-
ering temperature suddenly alters (see Fig. 3). In the
mid-temperatures rossover regime, i.e., at T 6 ∆, the
single almost Lorentzian resonane line speaks in favour
of a strong oupling of the liberated end-hain spins to
the triplet Haldane exitations. Similarly to the NMR re-
sults on Mg-doped ompounds [18℄ the one-dimensional
Haldane exitations are thus again shown to oexist with
the spin exitations emerging from the end-hain spins.
The low-temperature signal, i.e., below 10 K where
Haldane exitations are severely suppressed due to the
Haldane gap, an be exploited to obtain an insight into
the nature of the magneti interations between the lib-
erated spin degrees of freedom, whih are responsible for
the ourrene of the magneti ordering. As already em-
phasized and again supported by the analysis presented
in the subsequent subsetion, the oupling of the two
spins neighboring a partiular vaany site is ferromag-
neti. Suh ferromagneti oupling eetively produed
an anisotropy Hamiltonian of the single-ion form D∗S˜2z ,
where S˜z represents an eetive spin operator of the two-
spin system. The size of the anisotropy in the ase of the
uniaxial symmetry is given by [41℄
D∗ = −3µ0
4pi
(gµ0)
2
r3
− 3
2
(
∆g
g
)2
J˜ ′. (9)
In Eq. (9) the rst term arises from the dipolar oupling
of the two spins and the seond one represents the sym-
metri anisotropi exhange. The parameter J˜ ′ stands
for the eetive ferromagneti oupling between the two
spins, whih in our ase is a result of the ompeting anti-
ferromagneti next-nearest neighbor exhange of the pure
hain, J ′ = 5 K, and the ferromagneti oupling medi-
ated through neighboring hains [42℄. In addition, the an-
tisymmetri anisotropi exhange of the Dzyaloshinsky-
Moriya type should also be inluded,
d ≈
∣∣∣(∆g/g) J˜ ′∣∣∣ . (10)
7From the known lattie parameters [22℄ the dipolar eld
at Ni
2+
sites an be estimated, Bdd = 45 mT. This
value is approximately twie larger than maximum inter-
nal elds observed in zero-eld µ+-SR experiments [20℄.
The estimated value of the dipolar eld is, however, far
below the experimentally observed linewidths at low tem-
peratures. This fat favours the DM interation as the
dominant broadening mehanism (rst order in ∆g/g).
A plot of the linewidth of the ESR spetra at 5 K and
10 K reveals a lear linear dependene upon the dop-
ing level (see inset of Fig. 3). Suh linear dependene
has been observed before in CuGeO3 and attributed to
the interating deloalized spin lusters indued next to
the impurities [43℄. In the ase of PbNi2V2O8 the spin
lusters exhibit an exponential deay of spin polarization
with the orrelation length ξ ≈ 6 at T = 0 [26℄. Apart
from the interation of the two lusters neighboring a par-
tiular spin vaany and forming an eetive spin S˜ = 1,
there is thus an additional sizable anisotropi interation
between neighboring S˜ = 1 eetive spins on the hain,
whih inreases with the level of doping as reeted in
the inrease of the linewidth.
The zero-doping values of the linewidth an be as-
signed to be due to the intrinsi anisotropy of the un-
oupled eetive S˜ = 1 impurity-indued spins. These
values are virtually the same at 5 K and 10 K, i.e.,
∆Bx=0pp = 180 mT, whih is in favour of the above as-
sumption. Namely, due to the gapped nature of mag-
neti exitations of the mediating Haldane medium, the
eetive S˜ = 1 spins an be regarded as isolated in the
limit x → 0. The inrease of the linewidth below 10 K,
whih an be either due to the ritial enhanement of an-
tiferromagneti orrelations lose to the phase transition
temperature [17℄ or a signature of the temperature evolu-
tion of the orrelation length [26℄, onsequently does not
aet the zero-doping linewidth. This value an then be
used for an estimation of the eetive ferromagneti ou-
pling within the eetive S˜ = 1 spins, whih is aording
to Eq. (10) of the size J˜ ′ = −2 K. In this estimation the
room-temperature value of ∆g/g = 0.1, whih is not af-
feted by stati spin orrelations, was taken into aount,
as well as the fat that the exhange narrowing meha-
nism is not ative in diluted magneti systems [37℄.
C. Suseptibility of the impurity indued in-gap
states
Using the above results of the exhange oupling
between the impurity-indued spins J˜ ′ and impurity-
host oupling Ji−h, the temperature-dependene of the
impurity-indued magneti suseptibility as shown in
Fig. 1, an also be quantitatively explained with a sim-
plied model Hamiltonian. In was shown by Sørensen et
al. [44℄ that the full exhange Hamiltonian He + Hi−he
of the doped Haldane system at low doping levels an
be replaed by an eetive Hamiltonian H˜ for desribing
the low-energy exitations. Following this approah the
eetive Hamiltonians an be in our ase written in the
following form in the limit of low ross-impurity exhange
oupling J˜ ′ and low impurity-host exhange Ji−h
H˜Mg = αJ˜ ′Sl · Sr, (11)
H˜Co = αJi−h(Sl · Si + Si · Sr) + αJ˜ ′Sl · Sr, (12)
where α = 1.064 [44℄. Operators Sl, Sr represent the
S = 1/2 eetive spins indued at sites left and right
of a partiular impurity site reeting the nature of
the valene-bond-solid ground state [2℄. In the ase of
J˜ ′, Ji−h < J , bound in-gap states with exponentially de-
aying orrelations are predited [44℄.
Combining the eetive exhange Hamiltonians given
by Eqs. (11), (12) and the Zeeman Hamiltonian of the
spins in the external magneti eld of 100 mT, the low-
temperature dependene of the uniform stati susepti-
bility an be foreasted. In the inset of Fig. 1 the alu-
lated values of the expetation value of the Sz operator
multiplied by the level of doping is shown. This quan-
tity is deteted in the d magnetization measurements,
however it reveals the same information as the stati sus-
eptibility χ0 ∝ (〈S2z 〉 − 〈Sz〉2)/kBT as long as the mag-
netization vs. magneti eld urves are linear. In the
alulation the above-obtained parameters J˜ ′ = −2 K
and Ji−h = 14 K were taken into aount. The agree-
ment with the experiment is rather good, espeially if we
reall that the impurity-indued suseptibility is given by
χi =
xNAgµB 〈Sz〉
2B
= 11 emu/mol · x
2
〈Sz〉 . (13)
Although the experiment niely follows the theoretial
preditions, it should be noted that lose to the phase-
transition temperature the stati spin-orrelations eet
makes the simple model piture unsuited. Nevertheless,
the puzzle of the size of the low-temperature spin sus-
eptibility in Co- and Mg-doped PbNi2V2O8 samples an
be unambiguously unraveled. In the ase of the vaany
doping, the ferromagneti oupling between the liberated
end-hain spins is responsible for the upturn in the mag-
neti suseptibility. Here, it should be stressed that the
size of the oupling onstant does not have any impat
on the temperature dependene of the suseptibility. On
the other hand, antiferromagneti oupling in the ase
of the Co-doped sample is responsible for the substan-
tial suppression of the suseptibility in omparison to the
Mg-doped ompound, as it shifts the weight of the in-gap
states towards higher energies. An anisotropi exhange
is expeted in the ase of the Co
2+
ions, whih further
broadens the alulated peak in magneti suseptibility.
At the end, a short omment on Cu-doping is given. It
was shown experimentally that the suseptibility urves
of Cu-doped PbNi2V2O8 were virtually indistinguish-
able from urves orresponding to Mg-doped ompounds
above the phase-transition temperature when the doping
level of Cu
2+
ions was twie the doping level of Mg
2+
ions
[12℄. This nding is in line with our results. Namely,
8antiferromagneti exhange of Cu
2+
impurities to Ni
2+
spins is expeted to have a high value, so that the low-
energy exitations are solely given by the ferromagneti
oupling of the impurity-liberated spins. The ratio of the
suseptibilities thus reets the ratio of the eetive spins
S˜Mg = 1 and S˜Cu = 1/2.
V. CONCLUSIONS
In this paper an explanation of the low-temperature
magneti properties in magnetially and nonmagneti-
ally doped Haldane ompound PbNi2V2O8 has been
presented. The results of the d magnetization and the
eletron spin resonane measurements were eiently as-
soiated to provide an insight into the problem of the
impurity-indued long-range magneti ordering. The
ESR approah revealed the strength of the ferromagneti
oupling between spin degrees of freedom liberated at
both sites of the vaanies in the ase of nonmagneti Mg-
doping, as well as the importane of the magneti inter-
ations between these deloalized spin lusters. On the
other hand, we were also able to evaluate the impurity-
host exhange in ompounds doped with magneti Co
2+
impurities through the bottlenek-type of the impurity-
indued broadening of the ESR spetra. This oupling
proved essential for the appearane of the in-gap mag-
neti exitations. It allowed a rather aurate predition
of the suppression of the low-temperature magneti sus-
eptibility in Co-doped ompounds through a simplied
eetive exhange model. Additionally, the ESR mea-
surements revealed information about the thermal vibra-
tions in the investigated system through the determina-
tion of the Debye temperature.
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